Abstract -The effects of seed moisture content (MC), gibberellic acid (GA 3 ) concentration, chilling and priming pretreatments on the germination of common alder (Alnus glutinosa) and downey birch (Betula pubescens) seeds were examined. After treatment, the seeds were allowed to germinate for 42 days at 15
INTRODUCTION
There has been a large increase in the planting of broadleaf species, such as common alder (Alnus glutinosa) and downey birch (Betula pubescens), in Ireland and other European countries in recent years. For this reason, there has been a renewed interest in examining all phases of nursery culture and seed 1 factors with a view to improving yields in the nursery. Seeds of alder and birch often germinate poorly in the nursery, perhaps in part because of dormancy problems [40, 41] . Moist chilling (ca 0−5
• C) for 4−8 weeks usually releases dormancy in seeds of both species [19, 39] , but there is little information on the effect of applied growth regulators on dormancy release and the germination response in these species. Seeds can also be primed to stimulate germination, but the exact mechanism of this response is not understood [13] . Priming usually involves incubating seeds in a warm environment for a short period before sowing.
Endogenous factors, especially plant growth regulators, such as gibberellins (GAs) (usually GA 3 ) and abscissic acid (ABA) play a key role in the dormancy response mechanism in most tree seeds [3, 28, 35] . Dormant seeds of many tree species contain ABA in the embryonic axis, which prevents embryo growth [5] . However, embryo dormancy can be broken in hazelnuts (Corylus avellana) by exogenous GA 3 or indirectly by applying treatments that result in the synthesis of endogenous GA, such as chilling [6] . Chilling appears to change the inhibitor -promoter balance in the seeds, suggesting that the requirement for moist chilling cannot be replaced entirely by exogenous GA application. However, additional GA 3 might reduce the chilling requirement to release dormancy [35, 44] . For this reason, a combination of chilling and GA 3 treatments have been used to improve germination in a range of tree species [27] .
Seeds of alder and birch are normally chilled in their fully imbibed (FI) state (ca 50%−60% moisture content; MC) to release dormancy, but lower seed MC levels may be preferable. Seeds of these species can be adjusted to about 30−35% MC and then chilled for 12−18 weeks to release dormancy and maximise germination speed [9] . Seeds adjusted to these 'target' MC (TMC) levels can be held at chilling or freezing temperatures for lengthy periods without the risk of premature germination [9, 10] . A combination of GA 3 and chilling at TMC levels might increase germination potential while reducing the risk of premature germination in alder and birch seeds. However, there is a paucity of information on the effect of GA 3 and seed MC on the germination response of alder and birch seeds.
Tree seeds can also be primed at 15−20
• C for short periods (usually 7−21 days) to improve germination [4] . This treatment may invigorate or 'prime' the metabolic activity necessary to prepare the seed for germination, but if water availability is restricted, the radicle will not emerge [16, 33] . Although seeds can be primed in the FI state, a lower seed MC level (e.g. TMC) will reduce the risk of premature germination and/or deterioration. However, the risk of premature germination can also be reduced if moisture uptake during priming is controlled using an osmoticum, such as polyethylene glycol (PEG) [14] . Primed seeds can generally tolerate post-sowing environmental stresses better than non-primed seeds [37] . This is usually reflected in higher germination and/or a faster rate of germination of primed compared with non-primed seeds [4, 8] . However, the seeds of many tree species require chilling to release dormancy before they can germinate [18] , so the effect of priming might be expected to vary with dormancy intensity prior to priming.
The objective of this study was to determine the effect of GA 3 concentration during chilling on dormancy release in FI and TMC seeds of alder and birch. In addition, the effect of priming at 15
• C with or without PEG on the germination response of FI and TMC seeds without GA 3 was examined.
MATERIALS AND METHODS

Seed material
Two seed lots each of alder and birch provided by the Coillte National Seed Centre (Carlow, Ireland) were used in this study (Tab. I), which was carried out in 2003. The seeds were stored at 4 ± 1
• C before the treatments commenced. The physical and germination characteristics of the seed lots, based upon the official test results carried out elsewhere, are given in Table II. 2.2. Experiment 1. Chilling, seed MC and GA 3 treatments Some seeds were fully imbibed (about 50% and 53% MC in alder and birch, respectively) for treatment, as used in standard operational practice, while others were adjusted to TMC levels (Tab. III). The TMC levels (30% and 35% MC in alder and birch, respectively) were determined in previous research [9] . A measured quantity (weight basis) of distilled water or GA 3 solution (20% GA 3 Powder; SuperGrow, LaSalle, Quebec, Canada) was added to the seeds of each species to adjust their moisture content to FI or TMC levels [30, 38] . The FI seeds were treated in 0 (control), 100 or 200 ppm GA 3 solutions. The TMC seeds received the same total amount of GA 3 as the FI seeds, so higher concentrations of GA 3 solution were used (since the total amount of solution absorbed is smaller). The seeds were then placed in loosely tied plastic bags in a refrigerator at 4 ± 1
• C (in the dark) and stored for 0, 15, 30, 60, 90 or 120 days. The seed to air volume ratio was about 1:4. The bags were shaken once weekly to prevent an accumulation of water/ solution at the bottom of the bags. 
Experiment 2. Priming with or without polyethylene glycol
Seeds of each species were adjusted to FI or TMC levels using distilled water (without GA 3 ) and then chilled in loosely tied plastic bags in a refrigerator for 0, 9 or 18 weeks, in an identical manner to that described for experiment 1. After chilling, half of the seeds were primed at 20
• C in the dark for 0, 2, 4, 7 or 14 days, while the other half was primed in PEG solution under identical conditions for 0, 4, 7, 21 or 42 days (Tab. III). Since PEG reduced the risk that the FI seeds would germinate prematurely, longer periods of treatment could be evaluated. The seeds were placed on top of a germination paper saturated with a PEG-6000 solution at 0 MPa (control), −1.50 MPa (alder) or −1.0 MPa (birch). The results of preliminary tests, using PEG solutions that gave osmotic potential from 0 to −2.0 MPa, indicated that the selected concentrations would prevent radicle emergence.
Germination tests
The seeds were germinated in 12 × 8 × 5 cm transparent, rectangular plastic boxes (Hofstätter & Ebbesen A/S, model 500/50, Espergaerde, Denmark) each containing one germination paper (Frisenette Aps, No. AGF 725, 11.5 × 7.5 cm, Ebeltoft, Denmark). The germination paper was kept continuously moist through a filterpaper wick to the water reservoir in the box (containing approximately 150 mL distilled water).
Germination was assessed in both experiments over a 42-day period at a constant 15
• C with 8 h lighting (32 μmol m −2 s −1 ; Philips TL-D 15W/83) per day and at 20
• C (dark)/ 30
• C (light) with the same lighting and other conditions and close to 100% relative humidity inside the boxes. Dormancy is not normally expressed at the higher test temperature in both species [9] . The germination cabinet (CMC Germination Cabinet 400L D/N-L, Glesborg, Denmark) contained four replications per treatment combination. A replicate was a germination box containing approximately 0.15 g (alder) and 0.05 g (birch) seeds, which was equivalent to about 50 to 100 seeds in both species. The number of seeds that germinated prematurely was determined before the boxes were placed in the germinators; these values were excluded from the germination data (except where otherwise stated). Thereafter, the number of seeds that germinated was recorded every 3 or 4 days. A seed was considered to have germinated in either species when the radicle protruded about 2 mm. Percentage germination and mean germination time (MGT) were calculated from these data. MGT was calculated as the mean number of days for the seeds to germinate [26] . If no seeds germinated, MGT was assumed to be 42 days to permit analysis of variance [24] .
Data analyses
Experiment 1. Applied GA 3
The data were analysed according to a full factorial ANOVA design to test for the effects of seed lot, MC, GA 3 concentration, chilling duration, germination temperature and their interactions on percentage germination and MGT using the GLM procedure in SAS [36] . Full factorial ANOVAs were carried out separately also on the data for each test temperature. Means were compared further using least significant means tests.
Experiment 2. Priming
The effects of seed lot, MC, PEG, chilling duration, priming duration, germination temperature and their interactions on percentage germination and MGT were evaluated using treatment durations (0, 4 and 7 days) that were common to both the PEG and non-PEG treatments using the GLM procedure in SAS [36] . In addition, four full factorial ANOVAs were carried out to test for the effects of seed lot, MC, chilling duration, priming duration and their interactions on percentage germination and MGT, each carried out separately for one of the four data sets, i.e. with PEG or without PEG at each test temperature.
RESULTS
Treatment effects were clearer at 15
• C than at 20/30
• C, although the trend was similar at both temperatures. The data for 15
• C only are presented for this reason. However, seeds germinated more rapidly at 20/30
• C than at 15 • C. Germination was generally much higher in alder than in birch, but treatment effects were generally consistent in each species. Birch lots normally contain a large number of empty and dead seeds, so germination was considered acceptable when more than 20%. The response to treatment was small for seeds of both species that received no chilling, so most of the data for 0 chilling are not shown. 
Seed lot effects
Seed lot effects on germination and MGT were highly significant in both experiments (Tabs. IV and V). The effect was particularly large in birch; germination was much higher in lot A20 than in lot A62. Seed lot also interacted significantly with other factors. For example, the interaction of seed lot with chilling and GA 3 was significant, which reflected the fact that the seeds of one lot reached their maximum germination and lowest MGT following shorter durations of treatment and lower GA 3 concentration than in the other lot. Because seed lot effects were generally consistent in both experiments and in both species, they are not described further.
Experiment 1. Applied GA 3
Chilling duration, MC and GA 3 treatment and their interactions had a highly significant effect on germination and MGT in both species (Tab. IV). For clarity of presentation, only the data for 30, 90 and 120 days are shown (Fig. 1) . Seeds given these treatments displayed the largest difference in the germination response to treatment. Few seeds given 0 days GA 3 treatment germinated in either species.
Although GA 3 reduced the chilling requirement, it could not fully replace it. The response to treatment was similar in both species, with chilling and GA 3 treatment having a larger effect in birch than in alder. Germination was particularly low in birch seeds that received 30 days chilling without GA 3 . The response to GA 3 treatment varied with seed MC.
The FI seeds given 30 days chilling germinated well in both species, but the effect of GA 3 concentration was small. Germination increased from 49% (control) to 61% (100 ppm) and 64% (200 ppm) in the FI seeds of alder given 30 days chilling. The equivalent values were 16, 25 and 26% in birch. However, longer periods of chilling and GA 3 treatment reduced germination in the FI seeds of both species. For example in alder prechilled for 90 days, germination declined from 51% (control) to 33% (100 ppm) and 36% (200 ppm). A high proportion of these seeds germinated prematurely.
In contrast to the FI seeds, short periods of chilling were not effective in releasing dormancy in the TMC seeds, but GA 3 helped to compensate for chilling. Following 30 days GA 3 at TMC levels, seed germination increased significantly from 8% (no GA 3 ) to 14% (100 ppm GA 3 ) and 20% (200 ppm GA 3 ) in birch, but the response was small and not significant in alder. Following 90 days treatment at TMC levels in alder, germination increased significantly from 52% (0 GA 3 ) to 67% (100 ppm GA 3 ) and 64% (200 ppm GA 3 ). The equivalent values for the TMC seeds in birch seeds given 90 days chilling were 17%, 22% and 27%. However, it appears that 120 days chilling without GA 3 sufficiently released dormancy in alder (62%) and birch (27%) TMC seeds, with little further increase due to the applied GA 3 .
The pattern of response to treatment for speed of germination (MGT) was generally consistent with that observed for percentage germination in both species (insets, Fig. 1 ). The concentration of GA 3 had a relatively small effect on the response. Germination speed increased greatly in seeds of both species given 30 days chilling at both seed MC levels, the 
Experiment 2. Priming
While PEG prevented premature germination in the FI seeds, the germination response was similar for seeds treated with or without PEG for 0, 4 or 7 days (common duration treatments). The data for seeds treated without PEG only are presented for this reason. Seeds primed without any previous chilling germinated poorly at both seed MC levels, as shown in Table VI for the FI seeds.
Some of the FI seeds of both species germinated prematurely during the 18-week chilling period, but few did so during the 9-week treatment. Some FI seeds also germinated prematurely during priming (Tab. VI), whereas none of the TMC seeds germinated prematurely during chilling and subsequent priming for up to 14 days.
Chilling duration, MC and their interactions had the largest effect on germination (Tab. V). Priming and its interaction with MC also had a large effect on germination. Many other treatment interactions were also highly significant. The main finding was that priming had no significant effect on germination in the TMC seeds of alder, but short priming periods improved it in the FI seeds in a few cases (Fig. 2) . In the FI seeds chilled for nine weeks, two days priming significantly increased germination from 49% (control) to 63% in alder and from 19% (control) to 29% in birch. Although 7 days priming increased germination in the TMC seeds of birch chilled for 18 weeks, this was not significant. The significant interaction among MC, chilling and priming reflected these trends (Tab. V). Treatment periods longer than 4 days reduced germination in the FI seeds that had been chilled for 18 weeks, declining to zero following 14 days priming. There was a similar trend for seeds chilled for 9 weeks, but the decline was much smaller.
In general, the effect of treatments on MGT mirrored the pattern described for germination (Tab. V). In alder however, the two-way interaction between priming with chilling and priming with seed MC had a more highly significant effect on MGT than on germination. In the TMC seeds of alder chilled for 9 weeks, MGT declined from 9.2 days for seeds that received no priming to 5.4 days for seeds that received 7 days priming (Insets, Fig. 2 ). The effects of chilling and its interaction with priming and the three-way interaction among MC, chilling and priming were more highly significant for MGT than for germination in both species (Tab. V). In the FI seeds chilled for 9 weeks, MGT declined from 8.2 (no priming) to 3.1 in alder and from 5.2 (no priming) to 2.7 in birch following 2 days priming (Insets, Fig. 2 ). Priming for 14 days greatly increased MGT in the FI seeds that had been chilled for 18 weeks in both species, but the effect (compared with 7 days) was small in other cases. Germination was also very low for seeds given this treatment.
DISCUSSION
Seed lot effects
Most seed lot differences were small compared with the main effects and were mostly evident only for treatments that resulted in poor germination, suggesting that seed lot effects were not important. In both species, there were some differences between lots in the level of dormancy and quality. The seeds of one lot germinated better than those of the other lot in each species. Seed maturity, weather conditions during seed maturation, genetic factors, handling and storage practices prior to treatment [19] may have caused some of these responses.
Experiment 1. Applied GA 3
It appears that GA 3 reduced the chilling requirement to release dormancy, but it did not completely compensate for it. GA 3 might have enhanced growth promoter levels that helped overcome the effect of the inhibitors (such as ABA), leading to seed dormancy release. Forest tree seeds are genetically highly variable so GA response differences might be expected [44] . Thus, exogenous GA 3 may have triggered dormancy release in the fraction of seeds that had not been released from dormancy during chilling. GA 3 has been shown to play a key role in dormancy release in the seeds of other broadleaf species, including beech (Fagus sylvatica L.) [7] , goldenrain tree (Koelreuteria paniculata Laxm.) [35] and argan tree (Argania spinosa (L.) Skeels) [1] . The results presented here showed that GA 3 could be used to shorten the chilling period. However, the response varied greatly with seed MC. A longer period of chilling is needed to release dormancy at lower seed MC [23] , so the better response of the TMC seeds to applied GA 3 over the longer chilling periods is not surprising (Fig. 1) . However, the effect of GA 3 treatment may have been confounded with seed MC, although the same amount of GA 3 was supplied to both the FI and TMC seeds. It was not possible to determine if more GA 3 was available in the TMC than in the FI seeds, although this is unlikely. In addition, De Atrip and O'Reilly [9] previously showed that the seeds of these species maintained good germination potential for up to 36 weeks (252 days) at TMC levels during chilling whereas the FI seeds started to germinate prematurely or deteriorated, consistent with the pattern observed in this study.
Applied GA 3 was more effective in improving germination in birch than in alder, especially in the TMC seeds. The larger amount of non-embryonic tissue 1 in the seeds of alder than birch may have reduced the effectiveness of the applied GA 3 (see [27] ). However, the birch seeds may have been more dormant than the alder seeds (as evidenced by their better relative response to chilling without GA 3 ), so therefore might respond better to the applied GA 3 . The sensitivity of seeds to applied GA 3 decreases as dormancy is released during chilling [11] .
In most cases the lowest concentration (100 ppm) of GA 3 used was sufficient to maximize germination speed, but not percentage germination (Fig. 1) . This GA 3 concentration may have been sufficient to weaken the seed coat [20] . If the seed coat had been weakened by the applied GA 3 , germination could probably have proceeded quickly thereafter. Higher GA 3 concentrations may have been needed to activate the synthesis of proteins and other metabolites required by the embryo for germination [7] .
Experiment 2. Priming
Although PEG successfully prevented premature germination in the FI seeds, it did not allow the period of treatment to be extended without causing deterioration (seeds would not germinate when transferred to the optimal conditions of 20/30
• C, so they were probably dead). Similarly, the results of research on the seeds of several conifer tree species have shown that PEG provided inconsistent results [17] . In contrast, PEG has been used successfully to prime the seeds of several agricultural and horticultural crop species [2, 31] .
Priming for 2 days improved both percentage germination and germination speed in the FI seeds of both species that had been chilled for 9 weeks. This improvement was significantly better than could be achieved using the TMC method (without priming) in birch, but not in alder. There is evidence that priming stimulates metabolic activity, such as RNA synthesis, ATP production and enzyme activity [15, 22] . Perhaps priming stimulated GA metabolism leading to germination, thus inducing a similar response to that described for some GA 3 treatments (Fig. 1) . Priming may have helped compensate for chilling in the FI seeds leading to a faster rate of dormancy release, as found in Sitka spruce (Picea sitchensis (Bong.) Carr.) [25] . Unlike Sitka spruce however, priming did not enhance germination in seeds that received no prior chilling (Tab. VI), suggesting that it cannot completely compensate for chilling. Priming was less effective in enhancing seed germination in the FI seeds that received the longest chilling period in this study. Similarly Wu et al. [43] reported that the benefits of priming loblolly pine (Pinus taeda L.) seeds decreased as the length of chilling increased.
In contrast to the FI seeds, priming had a small effect on the germination of the TMC seeds, although 7 days priming significantly increased germination speed in alder. There might have been insufficient moisture in the seeds of both species to allow the TMC seeds to respond to treatment. However, priming of the TMC seeds of several conifer species (30−35% MC) increased percentage germination and speed of germination [12, 13, 21] . Furthermore, the TMC seeds that received long periods of chilling probably had been fully released from dormancy [9] , so might not have responded further to treatment in this study. It is likely that priming stimulated the metabolic processes associated with germination. According to Obroucheva and Antipova [32] the initial activation of respiration occurs when seed MC reaches 20−23%, whereas a MC of at least 55−60% (similar to the FI levels in alder and birch seeds in this study) is needed before the activation of all major metabolic processes could commence and for germination to occur.
It may be difficult to use the priming method operationally on FI seeds of alder and birch because they begin to germinate prematurely or deteriorate if not sown immediately. However, it is not known if primed seeds can be stored at freezing temperatures or dried back to TMC levels for future use without adversely affecting seed quality and the benefits of pretreatment [34] . It might also have been possible to increase the MC of the TMC seeds to FI levels for priming, but this was not investigated.
The decrease in germination potential in the FI seeds over the final 12 days of priming treatment was probably largely due to seed deterioration as few of them germinated prematurely (Tab. VI). Deterioration was most rapid in seeds that had received 18 weeks chilling (Fig. 2) , perhaps because nutrient reserves had been partially depleted during chilling [4, 42] . However, additional tests were not carried out to confirm this. It is unlikely that dormancy was re-introduced. Germination at 20/30
• C (data not shown) and at 15
• C (Fig. 2) was similar. Seed dormancy is broken more effectively using the TMC method than the FI one [9] , but the results presented here also show that the TMC seeds still remain sufficiently "quiescent" to withstand the stress of being held for 14 days of priming at 20
• C. Thus the TMC seeds are also likely to better withstand the stresses of handling and storage than the FI seeds, in agreement with earlier findings [9, 10] . This may not be surprising because seeds are known to deteriorate less rapidly at low MC than at high MC levels [29] .
Conclusions
1. GA 3 applied before chilling reduced the chilling requirement for dormancy release in alder and birch seeds, but it did not eliminate the requirement for chilling. The effect of applied GA 3 was smaller in alder than in birch, probably because the alder seeds were less dormant. 2. Two days of priming at 20
• C after 12 weeks chilling improved germination in the FI seeds, but more than about four days priming reduced it. In contrast, priming for up to 14 days had a negligible effect on germination in the TMC seeds of both species, regardless of chilling duration used.
